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Abstract 

MtDef4 is a 47-amino acid cysteine-ricli evolutionary conserved defensin from a model legume Medicago truncatula. 
It is an apoplast-localized plant defense protein that inhibits the growth of the ascomycetous fungal pathogen 
Fusarium graminearum in vitro at micromolar concentrations. Little is known about the mechanisms by which MtDef4 
mediates its antifungal activity. In this study, we show that MtDef4 rapidly permeabilizes fungal plasma membrane 
and is internalized by the fungal cells where it accumulates in the cytoplasm. Furthermore, analysis of the structure of 
MtDef4 reveals the presence of a positively charged y-core motif composed of P2 and P3 strands connected by a 
positively charged RGFRRR loop. Replacement of the RGFRRR sequence with AAAARR or RGFRAA abolishes the 
ability of MtDef4 to enter fungal cells, suggesting that the RGFRRR loop is a translocation signal required for the 
internalization of the protein. MtDef4 binds to phosphatidic acid (PA), a precursor for the biosynthesis of membrane 
phospholipids and a signaling lipid known to recruit cytosolic proteins to membranes. Amino acid substitutions in the 
RGFRRR sequence which abolish the ability of MtDef4 to enter fungal cells also impair its ability to bind PA. These 
findings suggest that MtDef4 is a novel antifungal plant defensin capable of entering into fungal cells and affecting 
intracellular targets and that these processes are mediated by the highly conserved cationic RGFRRR loop via its 
interaction with PA. 
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Introduction 

Defensins are small cystelne-rich proteins present In all 
plants and constitute an ancient and diverse set of natural 
antimicrobial proteins. These 45- to 54-resldue proteins usually 
contain four Intramolecular disulfide bonds and adopt a similar 
cystelne-stabllized a/p (CSa/p) motif In which one a-hellx Is 
stabilized through disulfide bridging to a three-strand 
antlparallel p-sheet [1,2]. Because plant defensins lack a 
distinct hydrophobic core, the protein fold Is stabilized primarily 
by the disulfide bonds. Although structural features of plant 
defensins are highly conserved, a comparison of their primary 
amino acid sequences reveals a rich diversity of variants [2,3]. 
This sequence diversity Is responsible for the functional 
diversity observed in defensins [4,5]. 



Several plant defensins exhibit antifungal activity in vitro at 
low micromolar concentrations, [2-4]. These defensins also 
display differing antifungal properties. Morphogenic defensins 
Inhibit hyphal elongation with a concomitant Increase In hyphal 
branching, whereas nonmorphogenic defensins reduce hyphal 
elongation without causing significant morphological changes 
[6,7]. Because of their potent antifungal activity, defensins have 
been widely exploited In agroblotechnologlcal applications to 
generate disease resistant crops. Indeed, transgenic plants 
overexpressing defensins exhibit resistance to a range of 
fungal and oomycete pathogens [8]. In order to fully harness 
the potential of these proteins for bloenglneering crops with 
robust resistance to fungal and oomycete pathogens, it is 
essential to understand their structure-activity relationships and 
modes of antifungal action. 
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Nearly two decades of studies have revealed that plant 
defenslns interact with fungal-specific cell wall and plasma 
membrane components and inhibit fungal growth from the 
extracellular or intracellular side of fungal cells [9,10]. For 
example, Raphanus sativus AFP2 (RsAFP2) and Dahlia 
merckii AMP1 (DmAMPI) bind with high affinity to distinct 
sphingolipids present in the plasma membrane or cell wall of 
their target fungi. Such interactions are a prerequisite for 
antifungal activity [11-13]. RsAFP2 interacts with 
glucosylceramide (GlcCer) present in the cell wall causing 
accumulation of apoptosis-inducing ceramides [14], whereas 
DmAMPI binds specifically to mannosyl diinositolphosphoryl 
ceramide present in the plasma membrane [15]. Medicago 
saliva defensin 1 (MsDefl) is also thought to interact with 
GlcCer since a Fusarium graminearum mutant AFggcsl lacl<ing 
GlcCer exhibits strong resistance to this defensin [16]. In some 
instances, a defensin must be internalized by fungal cells after 
cell wall binding to cause cell death [17,18]. For Nicotiana alata 
defensin 1 (NaDI), this process is mediated by the 
premeabilization of fungal hyphae using a cell wall-dependent 
process [19]. Once inside fungal cells, these defensins lil<ely 
target intracellular processes critical for fungal growth. For 
example, Pisum sativum defensin 1 (Psdl) is active against the 
model filamentous fungus Neurospora crassa and once inside 
the cells of this fungus it interacts with a nuclear cyclin-lil<e 
protein involved in cell-cycle control and co-localizes in the 
nuclei [17]. The precise mechanisms of the antifungal action of 
defensins capable of entry into fungal cells are still not fully 
understood and the sequence motifs mediating fungal cell entry 
of these defensins remain to be identified. 

To date, all known antifungal plant defensins containing 
disulfide bonds possess a highly conserved y-core motif 
(GXCX3_9C, where X is any amino acid) consisting of P2 and P3 
strands with an interposed loop that carries a net positive 
charge and participates in one to four disulfide bonds [20]. 
Structure-activity studies indicate that the major determinants 
of antifungal activity reside in the y-core motif [21 ,22]. 

MtDef4 is an evolutionarily conserved defensin from /W. 
truncatuia and its homologs are found in all plants examined to 
date [22,23]. IVItDef4 carries a net positive charge of + 6. It 
inhibits the growth of several filamentous fungi including F. 
graminearum at micromolar concentrations. Since it does not 
induce hyperbranching of fungal hyphae, it is thought to be a 
nonmorphogenic defensin [24]. Homology-based structure of 
l\/itDef4 predicts a y-core motif GRCRGFRRRC composed of 
the P2 and |33 strands connected by the RGFRRR loop. When 
the y-core motif of a related defensin IVIsDefl is replaced by the 
Y-core motif of MtDef4, the resulting chimeric defensin MsDefl - 
y4 exhibits antifungal properties similar to MtDef4 [22]. In 
addition, chemically synthesized y-core peptide of MtDef4 also 
inhibits the growth of F. graminearum in vitro, further 
substantiating the importance of this motif in the antifungal 
action of this defensin [22]. 

In this study, we have shown that MtDef4 is internalized by 
fungal cells. The atomic structure of MtDef4 has also been 
determined. The structure-activity studies of MtDef4 have 
established the RGFRRR loop of the y-core motif as a 
translocation signal mediating entry of this defensin into fungal 



cells. The RGFRRR loop interacts with the phospholipid 
phosphatidic acid (PA) and this interaction is likely required for 
the entry of MtDef4 into fungal cells and/or its intracellular 
toxicity. 

Results 

MtDef4 enters the cytoplasm of F. graminearum 

MtDef4 permeabilizes the plasma membrane of F. 
graminearum in a concentration dependent manner [22]. We 
therefore sought to determine if MtDef4 is internalized by F. 
graminearum cells using immunogold labeling and 
transmission electron microscopy (TEM) of freeze substituted 
material. Figure 1 shows that F. graminearum hyphal cells 
treated with 3 pM MtDef4 were heterogeneous both in 
ultrastructure and labeling by anti-MtDef4 antibody. Their 
ultrastructure ranged from cells similar to the control cells 
(Figure 1A, arrow) to those whose structure was disrupted 
(other cells in Figure 1A) with degraded, aggregated, and 
electron dense cytoplasm. Of the two cells in the hypha shown 
in Figure IB, the cell on the right was healthy but the cell on 
the left was beginning to show signs of deterioration, including 
increased electron density and segregation of cytoplasm from 
the cell periphery (arrows). This was unlikely to be an artifact of 
preparation because the cells were ultra-rapidly frozen (i.e., 
fixed in -10 msec), dehydrated and embedded while frozen. 

When sections of these samples were immunogold labeled 
with anti-MtDef4 antibody, there was an inverse correlation 
between quality of ultrastructure and density of anti-MtDef4 
immunogold label in the cytoplasm. Thus, the dead cells in 
Figure 2 (arrows) had a higher labeling density. This would be 
expected if MtDef4 that entered the cell caused this 
cytoplasmic degradation. It is noteworthy that cells showing 
healthy ultrastructure contained MtDef4 in their cell wall and a 
few gold particles in their cytoplasm, suggesting they were in 
the early stages of invasion by MtDef4. The electron dense 
cytoplasm in dead cells was aggregated (Figures 2, 3A), 
leaving voids labeled rarely with gold. Vacuoles in these cells 
were also not labeled (Figure 3A, asterisk). Label in the 
electron dense aggregates in dead cells was not associated 
with any obvious cell structure (Figure 3A). The cytosol in the 
cell in Figure 3A with the densest labeling contained 759 gold 
particles at a density of 95 particles per [irrf. Living cells had 
fewer cytoplasmic gold particles (Figure 3B, circled). Control 
cells, treated with water only, showed ultrastructure that was 
expected in healthy F. graminearum cells and they uniformly 
lacked labeling with anti-MtDef4 antibody (Figure 3C, the two 
circled gold particles were non-specific labeling). The number 
of gold particles per \im^ was measured in 25 living vs. 
degraded cells and on cell walls vs. cytoplasm (Figure 4). 
Cytoplasm labeling in living cells averaged 7 particles per pm^ 
vs. 59 for degraded cells, and for cell wall labeling there was a 
similar trend i.e., 129 in living vs. 226 in degraded cells. The 
high standard deviation for living cell cytoplasmic labeling 
reflects varying degrees of ingress of MtDef4 while in degraded 
cells it reflects a large variation in cytoplasmic aggregation. As 
noted above, anti-MtDef4 antibody labeled aggregates but 
rarely labeled voids surrounding aggregates that were included 
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Figure 1. Ultrastructure of MtDef4-treated cells of Fusarium graminearum. Cells were treated with 3|jM MtDef4 for three hrs. 
Scale bars = 1 jjm. (A) Cells were a mixed population with dead and live cells (arrow) both present. (B) Two adjacent cells in a 
hypha with the left cell in early stages of MtDef4-mediatd cell degradation. The cortical cytoplasm is separating from the cell wall 
(arrows) and is more electron dense than the healthier cell on the right. 

doi; 10.1371/joumal.pone.0082485.g001 



in the area measurement. The background label in cell-free 
areas of the same section was 1.3+ /-1.6 particles per [im^ and 
label density in cells treated with water only was not above 
background of 0.04+ /-0.04 particles per pm^. Since the ratio of 
cell wall label to cytoplasm label decreased almost five fold in 
living cells compared to degraded cells (Figure 4), it seems that 
MtDef4 first binds to the cell wall and then enters the 
cytoplasm. Since the volume of the cytoplasmic compartment 
is much larger than that of the cell wall, the ratio of cytoplasmic 
gold particles in degraded cells to those in living cells of 8.4 is 
perhaps relevant. 

Structural and modeling analysis of MtDef4 reveals a 
surface-exposed patch of positively charged amino 
acids derived from the y-core motif 

To determine the structural basis for the biochemical function 
of the Y-core motif, an NMR-based solution structure was 



determined for l\/ltDef4 and its structure compared to other 
homologous defensins. As shown in Figure 5, IVItDef4 adopts a 
highly compact structure composed of a three-strand (P1=X2- 
X6; P2=X31-X35; P3=X40-X46) anti-parallel p-sheet with a 
single a-helix (a1=X17-X27) between pi and P2. The protein is 
held together by four intramolecular disulfide bonds C3-C47, 
C14-C34, C20-C41 and C24-C43. When compared to the plant 
defensin, Psdl, which is known to be internalized by fungal 
cells [25,26], MtDef4 has an identical core structure with regard 
to folding and locations of the highly conserved disulfide bonds 
(Figure 6A). As with all plant defensins whose tertiary 
structures have been determined (data not shown), the majority 
of the structural and sequence differences lie in the loop 
connecting a1 and P2 and the loop connecting P2 and P3. As 
previously noted [25], the amino acid sequence homology is far 
weaker than the structural homology amongst members of this 
family of proteins. Therefore, the sequences of Psdl and 



PLOS ONE I www.plosone.org 



3 



December 2013 | Volume 8 | Issue 12 | e82485 



Sequence Motif Governing Fungai Celi Entry 




Figure 2. Immunogold detection of MtDeM in treated cells (3 yim, 3 hours) of F. graminearum. 

Scale bar = 1 pm. Section was not post-stained. Of the four cells shown in this section, the two dead cells (arrows) have significantly 
higher cytoplasmic labeling than the two living cells. 

doi: 10.1371/joumal.pone.0082485.g002 
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Figure 3. Immunogold label distribution In MtDef4-treated cells. Scale bars = 250 nm (A, B), 1 |jm (C). A, B are of post-stained 

sections, C is not. 

(A) In dead cells cytoplasmic label is associated with electron dense aggregated cytoplasm of undetermined cellular structure. 
Vacuole (asterisk) does not label. In these cells cytoplasmic label density is 95 particles per pm^ while that of cell wall is 312 
particles per pm^. 

(B) Cells not yet killed by l\/ltDef4 show a small amount of MtDef4 in the cytoplasm (circled gold particles) but much more in the cell 
wall. 

(C) Control cells treated with water alone are not labeled (two gold particles circled are background). Label density over the 
cytoplasm was the same as on resin alone, 0.04 particles per pm^ (+ /-) 0.04). 

doi: 10.1371/joumal.pone.0082485.g003 
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Figure 4. Number of gold particles found in the cytoplasm and cell walls of live and dead cells of F. graminearum. 

The error bars represent the standard errors of six replicates. 

doi: 10.1371/joumal.pone.0082485.g004 



MtDef4 were aligned incorporating structural homology using 
the program EXPRESSO [27]. As shown in Figure 6B, the 
residues highlighted in red represent those that align very well 
between the two structures. As expected, the a1-p2 and P2-P3 
loops are the only areas with significant differences. 
Interestingly, the P2-P3 loop in Psd1 is shorter by two residues 
than the corresponding loop in MtDef4 and this loop is shorter 
in MtDef4 than in other plant defensins such as RsAFP2. 
These results suggest that the major difference between plant 
defensins lie in the small loop between 32 and P3, the y-core 
motif. 

MtDef4 has an unusual distribution of surface residues that 
are likely important in facilitating its fungal cell entry and 
antifungal action. As shown in Figure 7, MtDef4 has a large 
number of arginine residues that are clustered around the P2- 
P3 loop. Using the program DELPHI [28,29], the electrostatic 
potential was calculated for MtDef4 using only whole charges 
and then mapped onto the molecular surface using the 
program Chimera [30]. As shown in Figure 7A, the surface of 
MtDef4 is entirely positively charged with residues of the 
RGFRRR loop derived from its y-core motif. This is in contrast 
to a number of other related defensins and toxins that show 
more of a distribution of acidic and basic residues on the 
surface [25]. 



The third residue of the RGFRRR loop is a conserved 
hydrophobic amino acid present in the MtDef4 homologs of 
higher plants [23]. It seemed likely that this residue, F37, 
should be buried away from the solvent exposed surface 
because it is surrounded by positively charged amino acids. 
Instead, the aromatic ring of F37 is oriented away from the 
protein's core. To further examine this, the degree of solvent 
accessibility for each atom was calculated with the program 
AREAIMOL [31,32] within the CCP4i [33] suite of programs. 
The degree of exposure of each atom was then mapped onto 
the molecular surface using the program Chimera [30]. As 
shown in Figure 7B, over half of the aromatic side chain of F37 
is exposed to the solvent. As discussed below, mutagenesis 
analysis suggests that the nature and location of this residue is 
important for the antifungal activity of MtDef4. 

RGFRRR loop mediates antifungal activity of MtDef4 

Previously, the y-core motif of MtDef4 was identified as an 
important structural determinant of its antifungal activity [22]. 
We showed that replacement of the y-core motif of MsDefl 
with that of MtDef4 substantially increased the antifungal 
activity of MsDefl . Also, studies with synthetic peptides derived 
from the carboxy-terminus of MtDef4 revealed that the cationic 
and hydrophobic amino acids present in the y-core motif were 
important for antifungal activity [22]. Based on the NMR 
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Figure 5. NMR structure of MtDef4. A. Backbone superposition of the top 20 refined MtDef4 structures. Shown here are only the 
backbone atoms of the various structures colored from blue to red as the chains extend from the amino-terminus to carboxy- 
terminus. 

B. Superposition of the top 20 structures showing all of the atoms in the models. The orientation and coloration is the same as in A. 

C. Ribbon diagram of the MtDef4 mean structure in the same color and orientation as above. The disulfide bonds are noted by 
arrows and the amino- and carboxy-termini are labeled. 

doi: 10.1371/joumal.pone.0082485.g005 



Structure of MtDef4, we hypothesized that the RGFRRR loop 
present within the y-core motif plays a critical role in the fungal 
cell entry and/or the intracellular toxicity of this defensin. The 
RGFR sequence of this loop closely resembles the well-studied 
RxLR motif present in the oomycete effectors translocated into 
plant cells [34-36]. In fact, we have noticed that a couple of 
MtDef4 homologs of cassava contain the RxLR motif (Figure 
S1). We therefore mutagenized RGFR motif to AAAA by 
generating the MtDef4''°FRRraAAAARR variant and tested its fungal 
cell entry and antifungal activity. A second variant, 
MtDef4'^°'''^'^''""^'^'^'', was tested since a previously tested 
synthetic peptide RGAARR had significantly reduced antifungal 
activity when compared with the RGFRRR peptide [22]. A third 
variant, MtDef4''°™'""'''^'''''^, was generated to determine the 
role C-terminal RR residues play in the fungal cell entry and 
antifungal activity of MtDef4. MtDef4 and three variants (Figure 
8A; Table 1) were each expressed in PIchIa pastorls and 



purified as described in Experimental procedures. Mass 
spectrometric analysis demonstrated that all three MtDef4 
variants had expected mass and formed four disulfide bonds 
(data not shown). Furthermore, they also had very similar 
circular dichroism (CD) spectra indicating that the amino acid 
substitutions did not impact the overall protein fold and 
secondary structure composition (Figure S2). The ability of the 
variants to inhibit conidial germination and hyphal growth was 
compared to that of MtDef4 [37]. F. graminearum conidia were 
incubated in the presence of different concentrations of MtDef4 
or its variants and the conidial germination and hyphal growth 
were monitored and measured at 16, 24, 36, 48, 60 and 72 hrs. 
These assays revealed that MtDef4'^°'''"^''"'°'^'"^ had slightly 
reduced activity and the other 2 variants MtDef4''=™'^f"'^f"' 
and MtDef4'''^'''^'"^''°'''^ had significantly reduced activity, when 
compared to MtDef4 (Figure 8B, C and D). MtDef4R°'=RRR/RGAARR 
variant uniformly inhibited the conidial germination similar to 
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Figure 6. Structural homology between MtDef4 and other plant defensins. A. Shown here is the structural alignment of 
MtDef4 and the plant defensin Psd1 from Pisum sativum (PDB code 1JKZ) in green and red, respectively. The cysteine residues 
involved in the four disulfide bonds are highlighted in lighter hues. 

B. Sequence alignments based on the 3D alignments using the program EXPRESSO [27]. The coloring of the alignments ranges 
from blue to red as the error in the alignment goes from high to low. Note that the P2-P3 loop in MtDef4 is longer by two residues 
and is far more basic than that in Psdl. However, the exposed hydrophobic F37 residue in MtDef4 is highly similar to W38 residue 
in Psdl 

doi: 10.1371/journal.pone.0082485.g006 



MtDef4 for 24 hr (Figure 88). At 36 hr after incubation, 
however, a small proportion of conidia (< 5%) were able to 
germinate and produce hyphal extensions at 3 pM of this 
variant, whereas conidial germination was inhibited 100% by 
MtDef4 at this concentration (Figure S3). MtDef4'^'='='^'^™'^'"' 
was the least effective in inhibiting conidial germination. In 
presence of 6 pM of this variant, almost all conidia were able to 
germinate and produce hyphal tips resulting in a meager 29 ± 
11% growth inhibition at 4 days (Figure 88). The variant, 
MtDef4'^°™'^''"«^'''^, was as potent as MtDef4 in inhibiting 
conidial germination at a concentration of 1.5 pM and higher 
(Figure 88); however, an obvious breakdown in the activity was 
noticed at 36 hr and later (Figure 8C and D). At 48 hr, this 
variant had higher antifungal activity than MtDef4''°'''"^''"^'^'''' 
but significantly less than MtDef4 and MtDef4'^s™'^'^'^°'^'^'' (data 
not shown). At 4 days and later, MtDef4''°'''"^f"''°™'^ exhibited 
higher potency than MtDef4'^='='"^''"^'^'' at 1.5 and 3 pM 
concentrations, but not at 6 pM (Figure 8C). The difference in 
growth inhibition caused by MtDef4 and MtDef4'''5™R'f"='«'^'' 
became obvious only at 4 days (data not shown) and by 6 days 
prolific growth of mycelium was obvious at 3 pM and 6 pM of 
MtDef4'^°'''^'^'"''°'^'^'' treatment. The same concentrations of 
MtDef4 exhibited 100% growth inhibition (Figure 8D). Since 
alanine substitutions may change physicochemical properties 



of MtDef4, two additional variants containing more conservative 
amino acid substitutions, MtDef4'^°i=R'^'«'<""<RR and MtDef4'^='=R'^R' 
KMiKRK Yi/ere generated. However, when expressed in P. 
pastoris, these variants were found to be unstable and thus full 
length variants with correct mass could not be recovered. 
Collectively, these data indicate that the N-terminal RGFR and 
C-terminal RR residues of the RGFRRR loop are important for 
the antifungal activity of MtDef4 and that F37 and R38 residues 
make only small contribution to the antifungal activity of 
MtDef4. 

RGFRRR loop is required for fungal cell entry of MtDef4 

Since MtDef4 is internalized by fungal cells, the question 
arises as to whether RGFRRR loop also plays a pivotal role in 
fungal cell entry of MtDef4. In order to answer this question, 
three MtDef4 variants were first tested for their ability to 
permeabilize fungal plasma membrane using the SYTOX 
Green (SG) uptake assay (Sagaram et al., 2011). The 
fluorescence emitted by SG, taken up by F. graminearum 
hyphae exposed to various concentrations of MtDef4 and its 
variants was measured at several time points. MtDef4 caused 
higher permeation of fungal plasma membrane than all three 
variants at time points of less than 1 hr (Figure 9A). However, 
at time points of more than 1 hr, the permeation caused by 



PLOS ONE I www.plosone.org 



8 



December 2013 | Volume 8 | Issue 12 | e82485 



Sequence Motif Governing Fungal Cell Entry 




B 



R38 



R39 




G36 R35 





*"f^R33 

^^^^ 




Figure 7. Surface characteristics of IVItDef4. A. In this diagram, the surface potential (calculated by DelPhi) is mapped onto the 
molecular surface of MtDef4 as a semi-transparent surface. The structure of MtDef4 is represented by a ribbon diagram that is 
colored blue to red as the chain extends from the amino-terminus to carboxy terminus. The disulfide bonds and the side chains of 
the arginine and lysine residues in the structure are also shown. Note that the overall surface is strongly basic. 
B. Surface accessibility of the atoms in the MtDef4 structure. The semi-transparent molecular surface is colored blue to red for the 
least to most accessible atoms. Note that the very hydrophobic F37 on the (32-133 loop, which is highly conserved among defensin 
proteins, is significantly exposed. The residues in this (32-|33 loop region are labeled. 

doi: 10.1371/joumal.pone.0082485.g007 



MtDef4'^°™'^''"''^'^'"' was similar to that caused by MtDef4 at all 
concentrations tested (data not shown). In contrast, 
MtDef4''='='"'''"^'''' and MtDef4'^°'='"^'^'''^'''^ permeabilized 
fungal plasma membrane significantly less than MtDef4 (Figure 
9B). No fluorescence was emitted by hyphae in the absence of 
a defensin and SG. These data indicate that RGFRRR loop 
plays a role in MtDef4's ability to permeabilize fungal plasma 
membrane. 



RGFRRR loop is required for fungal cell entry of MtDef4 

Three variants of MtDef4 were next tested for their ability to 
enter fungal cells. MtDef4 and the variants were each labeled 
with fluorophore DyLight 550 (Pierce Thermo Scientific, 
Rockford, IL) in order to follow their entry into fungal cells. The 
DyLight 550 tagged MtDef4 had significantly reduced antifungal 
activity as compared with the untagged MtDef4 (Figure S4). 
Nonetheless, assuming DyLight 550-tagged MtDef4 variants 
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Figure 8. The RGFRRR loop present in the y-core motif strongly regulates the antifungal activity of MtDef4. A. Sequence of 
MtDef4 and its variants. The y-core motif is indicated in larger font. RGFRRR sequence of MtDef4 is indicated in bold and the 
conserved amino acids are listed underneath with highly conserved amino acids on the top followed by less conserved ones. RGFR 
sequence which closely resembles the RXLR motif of the fungal and oomycete effectors is italicized. 

B. Images showing the inhibition of F. graminearum PH-1 conidial germination and hyphal growth at different concentrations of 
MtDef4 or its variants. Images were taken after 16 hours of incubation of conidia with defensins. Bar = 50 pm. 

C. Quantitative assessment of the in vitro antifungal activity of MtDef4 or its variants at 4 days after incubation of PH-1 conidia with 
defensins. Values are means of thee replications. Error bars indicate standard deviations. 

D. Images showing the growth of PH-1 strain after 6 days in the presence of MtDef4 or its variants. 

doi: 10.1371/joumal.pone.0082485.g008 
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Table 1. List of proteins/peptides used, their amino acid sequences, net charge and growth inhibitory concentrations against 
F. graminearum. 



Name 


Amino acid sequence 


"ciiarge 




MtDef4 


RTCESQSHKFKGPCASDHNCASVCQTERFSGGRCRGFRRRCFCTTHC 


+ 6.1 


3 


y(Qef4RSFRRR/RGAARR* 


RTCESQSHKFKGPCASDHNCASVCQTERFSGGRCRG/\/\RRCFCTTHC 


+ 5.1 


>6 


|y|(Qgf4RGFRRR/AAAARR* 


RTCESQSHKFKGPCASDHNCASVCQTERFSGGRC/AAAARRCFCTTHC 


+ 4.1 


>6 


|y|(Qgf4RGFRRR/RGFRAA* 


RTCESQSHKFKGPCASDHNCASVCQTERFSGGRCRGFR/l^CFCTTHC 


+ 4.1 


>6 


MsDefl 


RTCENLADKYRGPCFSGCDTHCTTKENAVSGRCRDDFRCWCTKRC 


+ 3.1 


>6 


MsDef4-Y4 


RTCENLADKYRGPCFSGCDTHCTTKENAVSGRCRGFRRRCWCTKRC 


+ 7.1 


3-4 


GMA4-C 


GRCRGFRRRCFCT T HC 


+ 5.1 


<6 


TMR-GMA4-C 


TAM-GRCRGFRRRCFCTTHC 


NA 


48 


TMR-GMA4-CM 


TAM-GRCMAARRCFCTTHC 


NA 


>96 



^ Net charge of the peptide was estimated (at pH < 7.4; 7.4 = pH of SFM used to conduct assays) using Biochemistry Online- http://vitalonic.narod.ru/biochem/index_en.html 

^ Amount of protein (pM) required to inhibit F. graminearum conidial germination completely in SFM. 

* Replaced amino acid(s) arein italics. 

Cysteines are inbold. 

doi: 10.1371/journal.pone.0082485.t001 



will also have similar loss of antifungal activity, experiments 
were carried out to compare fungal cell entry of DyL-MtDef4 
and DyL-MtDef4 variants. Fungal conidia were incubated either 
with 1.5 pM and 3 pM DyL-MtDef4 or 1.5 pM, 3 pM and 6pM 
DyL-MtDef4 variants and were examined at several time points 
by confocal imaging (Figure 10). Within 15 min, DyL-MtDef4 
and DyL-MtDef4''°™R'R°'«'^R readily bound to conidia at a 
concentration as low as 1 .5 pM, while DyL-MtDef4'^°'''''^'^'^^'"' 
did not bind to conidia even at a concentration as high as 6 pM 
(Figure 10A). The DyL-MtDef4''°™'^'^"^°™'^ variant at 6 pM also 
bound to conidial surface but with significantly lower intensity 
than DyL-MtDef4 and DyL-MtDef4''°™'^"«='^'^'''^ (Figure 10A). By 
2 hr, a considerable increase in the fluorescence was evident 
on conidial surface treated with DyL-MtDef4, DyL-MtDef4'"^™'"^' 
RGAARR ancj □y|_.MtDef4'^=™'^'^"'°™'^, whereas no fluorescence 
was apparent on conidia treated with DyL-MtDef4'*°'''^'^'^'^^'"^ 
(Figure 10B). More importantly, DyL-MtDef4 and DyL- 
MtDef4'^°'''^'^™°'^f"' readily bound to the surface of germ tubes 
as they started to emerge from the conidial cells (Figure 108). 
In contrast, DyL-MtDef4''°'''''""''=™'^ bound only to the conidial 
surface and did not bind to the germ tubes (Figure 10B). This 
phenomenon was clearly evident in treated cells observed at 4 
hr (Figure S5). Images taken after 4 hr showed that DyL- 
MtDef4 and DyL-MtDef4'^°'''"*™'^'''™ were taken up by young 
hyphae (Figure IOC and D; Movies SI and S2). It is important 
to note that internalization of these proteins did not occur 
uniformly in all treated cells (Figure IOC and D; Movies SI and 
S2). At 6 hr, no noticeable fluorescence was observed in cells 
incubated with 6 pM DyL-MtDef4''°'='""""^'^'' (Figure 10E), 
whereas in cells treated with DyL-MtDef4R°'=RRraRGFRAA^ 
fluorescence was evident only on the surface of the conidia but 
not the germ tubes (Figure 10F). These data provide strong 
evidence that both RGFR and RR sequences are important for 
fungal cell entry of MtDef4. We conclude that RGFRRR loop 
mediates fungal cell entry and antifungal activity of MtDef4. 



Synthetic 16-amino acid peptide containing the 
RGFRRR loop is internalized by fungal cells, but not 
the peptide containing RGFR to AAAA mutation 

Previously, chemically synthesized C-terminal 16 residue 
peptide (GRCRGFRRRCFCTTHC) of MtDef4 containing the 
RGFRRR loop was found to exhibit antifungal activity [22]. For 
testing its ability to enter fungal cells, tetramethyl rhodamine 
(TMR)-labeled peptide, TMR-GMA4-C, containing the carboxy- 
terminal 16 residues (GRCRGFRRRCFCTTHC) of MtDef4 was 
chemically synthesized. First, this fluorescently labeled peptide 
was tested for Its ability to inhibit conidial germination and 
growth. TMR-GMA4-C exhibited considerably less antifungal 
activity than the unlabeled GMA4-C (data not shown). A variant 
TMR-GMA4-C peptide, designated TMR-GMA4-CM, in which 
RGFR was replaced with AAAA (Table 1) was also tested. As 
expected, TMR-GMA4-CM peptide had significantly lower 
antifungal activity than TMR-GMA4-C supporting our earlier 
findings that replacement of RGFR with AAAA in the RGFRRR 
loop results in significant loss of the antifungal activity of 
MtDef4 (Figure S6). TMR-GMA4-CM exhibited no antifungal 
activity even at a high concentration of 96 pM whereas TMR- 
GMA4-C exhibited significant growth inhibition at 24 pM and 
completely inhibited conidial germination at 48 pM (Figure S6). 
These two peptides were therefore tested for their competence 
to enter fungal cells at 24 pM and above. Confocal microscopic 
analysis revealed that TMR-GMA4-C when used at 96 pM 
readily bound to the surface of fungal hyphae within 15 min 
after treatment (data not shown), whereas no binding was 
evident at this time point when 48 pM or lower concentrations 
of the peptide were used. In contrast, TMR-GMA4-CM, even at 
concentrations as high as 96 pM, failed to bind (data not 
shown). During the first 2-4 hr of treatment, TMR-GMA4-C (96 
pM) profusely bound to the entire length of cell surface and 
entered the cytoplasm, although the uptake was not observed 
in all treated hyphae (Figure 11A and B; Movie S3). Even after 
4 hr of treatment, TMR-GMA4-CM showed little binding to the 
cell surface and provided no indication of entry into fungal cells 
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A 




Protein concentration (|jlVI) 




Protein concentration (\iM) 

Figure 9. MtDef4 variants, |\/itDef4''°f'""«****'"' and 
MtDef4''°'''"""''°''''**, are less efficient in permeabilizing 
F. graminearum membrane compared to MtDef4 or 

Quantitative measurement of fluorescence emitted by hyphae 

treated with different concentrations of IVItDef4 or its variants 

plus 0.5 |jM of SYTOX Green. Values are means of three 

replications. Error bars indicate standard deviations. 

A and B. Fluorescence measurement at 30 min and 8 hr, 

respectively. 

doi: 10.1371/journal.pone.0082485.g009 

(Figure 11 C). Thus, RGFRRR is also required for the fungal 
cell entry of the 16-residue peptide GMA4-C. 

IMtDef4 binds to phosphatidic acid (PA) in vitro with 
hiighi affinity 

Several oomycete and fungal pathogens produce effectors 
containing the RxLR motif that are internalized by the host 
plant cells. These effectors bind specifically to 
phosphatidylinositol monophosphates (PIPs) and these 
interactions have been shown to play important functional roles 
in the actions of these effectors [38,39]- Since l\/ltDef4 and its 
homologs in other plants contain the RxLR-like RGFR motif as 
part of their RGFRRR loop, we tested MtDef4 for its ability to 
bind several biologically active phospholipids. Lipid-overlay 
experiments using a commercially available lipid strip P-6001 
(Echelon Biosciences, Salt Lake City) revealed strong binding 



of MtDef4 to the phospholipids phosphatidic acid (PA) and to a 
lesser extent with PI(3,5)P2 (Figure 12A). MsDefl, whose y- 
core motif contains the RDDFR loop, (Table 1 ) was used as a 
control in this experiment and bound to a different set of 
phospholipids with more affinity to PI(3,5)P2 (Figure 11A). To 
determine if RGFRRR motif was involved in binding to PA, a 
variant of MsDefl, MsDefl -y4, which has a y-core motif of 
MtDef4 and exhibits antifungal properties of MtDef4 was also 
tested (Table 1) [22]. Lipid overlay assay clearly indicated that 
MsDefl -y4 shifted its affinity from PI(3,5)P2 to PA while 
retaining similar affinity with other phospholipids (Figure 12A). 
As expected, MsDefl did not bind to PA. Strong binding of 
MtDef4 to PA was further validated with a liposome binding 
assay. The liposomes were made with a mixture of PA, PC and 
PI(3,5)P2 in varying proportions. No MtDef4 was pelleted with 
PC-only liposomes or PC-PI(3,5)P2 liposomes indicating that 
MtDef4 binds to PA, but no to PI(3,5)P2 (Figure 12B). In 
separate experiments, MtDef4 binding was observed at a 
concentration as low as 10% PA (Figure S7). To obtain a 
quantitative measure of binding of MtDef4 to PA, we carried out 
surface plasmon resonance (SPR) analysis by immobilizing 
PA/PC (3:2) and PC only liposomes on an L1 sensor chip (GE 
Healthcare, NY) using different concentrations of MtDef4 
peptide as analytes. When the defensin passed over the 
sensor chip, a strong binding to PA was observed in a 
concentration dependent manner (Figure 120). No binding was 
observed when PC only liposomes were immobilized on the 
sensor chip. Collectively, the lipid-overlay, liposome binding 
and SPR experiments show that MtDef4 binds to PA with high 
affinity. 

RGFRRR loop Is required for Interaction with PA 

Since MtDef4 preferentially bound to PA, we tested its 
binding to several biologically active PAs with different fatty 
acid chain lengths. Lipid overlay assay revealed that MtDef4 
binds to all species of PAs tested (16:0 16:0, 18:1 18:1 and 
16:0 18:1) except PA (8:0 8:0) (Figure 98). PA (8:0 8:0) is 
water soluble and hence would be dissolved and lost during the 
washing steps of filter hybridization (see Experimental 
procedures). PC was used as a negative control and as 
expected MtDef4 did not bind to it (see Figure 12A). Also, 
MtDef4 did not bind to diacylglycerol (DAG), a precursor of PA 
in these experiments (Figure 12B). Three variants of MtDef4 
were tested to determine if RGFRRR is required for interaction 
with PA. These variants had either significantly reduced binding 
or completely lost the ability to bind to two species of PA (18:1 
18:1 and 16:0 18:1). Interaction with PA 16:0 16:0 was retained 
in MtDef4''°'''""^''°'^'"' and MtDef4'"5'''""^'^'"' but completely 
lost in MtDef4R°'=RRR/RGFRAA (Figure 12B). Collectively, these data 
indicate that the RGFRRR loop containing positively charged 
arginine residues mediates strong interaction with PA by 
MtDef4 and that this interaction is lost in MtDef4 variants 
lacking the ability to enter and kill fungal cells. However, the 
precise molecular mechanism by which RGFRRR / PA 
interaction mediates antifungal action of MtDef4 remains to be 
determined. 
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RGFRRR/AAAARR /gi||y|J 
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DyL-MtDef4(1.5nM) 



DyL-MtDef4 

RGFRRR/RGAARR 5 
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RGFRRR/AAAARR 
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Figure 10. DyLight 550-labeled MtDef4 and |\/|tDef4''°f'""^''°**'"' but not MtDef4''°'='""^****'"' and MtDef4''°f'"""''°'='^ enter 
F. gra/n/nearu/n cytoplasm. 

F. graminearum conidia were incubated with indicated concentrations of DyLight 550-labeled proteins and confocal fluorescence 
images were taken at various time intervals for up to 6 h. 

A. Within 15 min, DyL-MtDef4, DyL-MtDef4''='=''R'^''°'^'"' and DyL-MtDef4''s'='^'^'^'^°'='^ bound to the surface of conidia whereas DyL- 
MtDef4'^°'='"''^"^'^'' did not. 

B. At 2 h, DyL-MtDef4 and DyL-MtDef4''°'='"""''='«R'' bound to the surface of germ tubes but DyL-MtDef4'^'^™'^'^«'^ and DyL- 
MtDef4'^°'='"'''"'°'''''^ did not. 

C. DyL-MtDef4 entered selective hyphae by 4 h. 

D. By 6 h, DyL-MtDef4'^'=™'^'^'''^'^f"' entered hyphae but not all hyphae were affected. 

E. DyL-MtDef4'^'=™'^'^'^'"^ did not enter the hyphae even after 6 h. 

F. DyL-MtDef4'^'^'''^'^'^'^'^'''^ bound to the surface of conidial cells but did not bind to hyphal surface. 
Scale Bar = 10 pm. 

doi: 10.1371/joumal.pone.0082485.g010 
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TMR-GMA4-C 




TMR-GMA4-CM 



Figure 11. Tetramethyl rhodamine-labeled 16-mer peptide 
(TMR-GI\/IA4-C) corresponding to the C-terminus of MtDeH 
enters F. graminearum but a variant peptide (TI\/IR-GI\/IA4- 
CM) with AAAA replaced for RGFR motif does not. 

Fluorescence images of F. graminearum hyphae incubated 
with 96 |jM TMR-GIVIA-C or TMR-GMA-CM for up to 4 h. 

A. TIVIR-GMA4-C entered the cytoplasm. 

B. Cross section fluorescent image of selective hyphae from 
(A) showing that TMR-GIVIA-C is present in the cytoplasm. 

C. TMR-GIV1A4-CM faintly bound to the surface layer but with 
much lower intensity. 

Scale Bar = 5 pm. 

doi: 10.1371/journal.pone.0082485.g011 

Discussion 

The data presented here provide deeper insight into the 
structure-activity relationships and mode of action of a potent 
antifungal defensin MtDef4 from M. truncatula. TEM 
immunogold localization experiments as well as confocal 
microscopy of fungal cells treated with fluorescently-labeled 
MtDef4 have revealed that MtDef4 is internalized by F. 
graminearum cells and dispersed in the cytoplasm. MtDef4 
also induces the granulation and shrinkage of the cytoplasm as 
has been reported previously for the plant defensin NaD1 [18]. 



Thus, MtDef4 is a fungal cell penetrating defensin and most 
likely inhibits fungal cell growth by interacting with intracellular 
targets and processes. It will be of significant importance to 
determine if MtDef4 and two other defensins, NaDI and Psdl, 
which have been previously reported to be internalized by 
fungal cells [17-19], affect the same intracellular targets and 
processes. Additionally, the SYTOX Green uptake experiments 
reported here reveal that MtDef4 permeabilizes the plasma 
membrane of F. graminearum within minutes [17-19]. However, 
in the model fungus Neurospora crassa, no uptake of this dye 
was observed suggesting that MtDef4 does not permeabilize 
the plasma membrane of this fungus even though it is 
internalized into the fungal cells and causes cell death at low 
concentration (IC5o<0.1 pM) (El Mounadi and Shah, 
unpublished data). The antifungal activity of MtDef4 against F. 
graminearum might be due to its ability to permeabilize the 
plasma membrane rapidly and to gain entry into fungal cells 
secondarily. To what extent does the entry of this defensin into 
fungal cells play a role in the eventual fungal cell death remains 
an open question. 

The key issue of which sequence motifs are required for the 
entry of MtDef4 into fungal cells has been addressed in the 
present study. To this end, the structure of MtDef4 has been 
determined. Like other defensins whose tertiary structures 
have been deciphered before [25,40-44], MtDef4 also has a 
general fold of the CSa(3 motif. However, the major differences 
between these plant defensins lie in a very small (32-P3 loop 
region of the protein which constitutes the y-core motif, the 
hallmark feature of the three-dimensional structure of disulfide- 
containing antimicrobial peptides from evolutionarily diverse 
organisms [20]. One distinct feature of the y-core motif of 
MtDef4 is that it is highly charged with four arginine residues in 
the 6-residue loop. We have previously reported that this y- 
core motif contains major determinants of the antifungal activity 
and morphogenicity of this protein [22]. MsDef1-Y4 variant in 
which the y-core motif of a related defensin MsDefl was 
replaced with that of MtDef4 displayed antifungal properties 
nearly identical to those of MtDef4. In addition, a chemically 
synthesized peptide (GMA-4C) containing the C-terminal 16 
residues and including the y-core motif was also capable of 
inhibiting fungal growth [22]. Recently, high resolution X-ray 
crystallography. X-ray scattering analysis and analytical 
ultracentrifugation were used to show that antifungal plant 
defensin NaDI known to enter fungal cells forms dimers and 
that this dimerization enhances its antifungal activity [45]. It will 
be informative to determine using these approaches if MtDef4 
is also capable of forming dimers. 

Some of the cell penetrating peptides such as the HIV Tat 
protein and Drosophila antennapedia are known to be rich in 
arginine residues [46-48]. We hypothesized that the RGFRRR 
loop within the y-core motif of MtDef4, because of its high 
degree of cationicity, is the translocation signal for entry of 
MtDef4 into fungal cells. The RGFR sequence within this loop 
closely resembles the well-studied RxLR motif present in the 
amino acid sequences of several oomycete effectors 
translocated into plant cells [34,36,49]. We have recently found 
MtDef4 homologs in cassava which contain the RxLR motif 
instead of the RxFR motif found in MtDef4 (Figure SI). 
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7. Defensin protein (400 ng) 
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4. Phosphatidic acid 18:1 18:1 
6. Phosphatidic acid 8:0 8:0 
8. Defensin protein (200 ng) 



Figure 12. The positively charged RGFRRR loop of MtDef4 plays a vital role in binding to phosphatidic acid. A. Lipid 
overlay assays of MtDef4, MsDefl and MsDef1-Y4. P-6001 PIP strips from Echelon Biosciences (Salt lake City, UT) were incubated 
with desired protein for 1 h at room temperature (see methods for details). After thorough washing, the bound proteins were 
detected using appropriate rabbit polyclonal-HP antibodies and Supersignal West Pico Chemiluminescent Substrate (Thermo 
Scientific). LPA = Lysophosphatidic acid; LPC = Lysophosphocholine ; PI = Phosphatidylinositol; PI(3)P = Phosphatidylinositol (3) 
phosphate ; PI(4)P = Phosphatidylinositol (4) phosphate; PI(5)P = Phosphatidylinositol (5) phosphate; PE = 
Phosphatidylethanolamine ; PC = Phosphatidylcholine; SIP = Sphingosine 1 -Phosphate; PI(3,4)P2 = Phosphatidylinositol (3,4) 
bisphosphate; PI(3,5)P2 = Phosphatidylinositol (3,5) bisphosphate; PI(4,5)P2 = Phosphatidylinositol (4,5) bisphosphate; P(3,4,5)P3 
=Phosphatidylinositol (3,4,5) trisphosphate; PA = Phosphatidic acid ; PS = Phosphatidylserine and Blank = No lipid. 

B. MtDef4 binding to liposomes containing PC only or PC plus PA or PI(3,5)P2. Purified MtDef4 (2 pg) was incubated with different 
liposomes for 1 hr at room temperature. The vesicles were pelleted by centrifugation. The protein was visualized by immunoblotting 
with anti-MtDef4 antibody. 1. PC:PA (80:20), 2. PC:PA (40;60), 3. PC:PA(20:80), 4. PC:PI(3,5)P2 (50:50), 5. PC only, 6. MtDef4 
(400 ng). 

C. Surface Plasmon resonance sensograms for the binding of MtDef4 with immobilized PA/PC (3:2) and PC (100%) liposomes. 
MtDef4 sample dilutions were prepared in PBS buffer and injected at 20 pl/min flow rate. Kinetic parameters were estimated using 
BIAevaluation software (version 3.1). 

D. Binding of MtDef4 and its variants to various species of PA. Lipids purchased from Avanti Polar lipids (Alabaster, AL) were 
spotted (2.5 pg) on Hybond C nitrocellulose membrane. Protein lipid overlay assays were conducted as described above and the 
bound proteins were detected using anti-MtDef4-HP antibodies. 1. PA 16:0 16:0; 2. Egg yolk phosphatidylcholine mix; 3. 
Diacylglycerol; 4. PA 18:1 18:1; 5. PA 16:0 18:1; 6. PA 8:0 8:0; 7. MtDef4 or variant protein (400 ng); 8. MtDef4 or variant protein 
(200 ng). 

doi: 10.1371/journal.pone.0082485.g012 



Mutagenesis experiments clearly show that the RGFR and 
carboxy-terminal RR sequence of the RGFRRR loop are 
required for the entry of MtDef4 into fungal cells. Collectively, 
the data presented here provide strong evidence that RGFRRR 
loop is the translocation signal mediating entry of MtDef4 into 
fungal cells. Bioinformatics analysis of the MtDef4 homologs 
from other plants indicates that RGFRRR loop is conserved in 
a large majority of these proteins. However, as shown in 
Figures 8A and SI, some sequence flexibility exists in this 
motif. Thus, arginine at position 1 of this loop is replaced with 



lysine or histidine. Phenylalanine at position 3 is replaced with 
leucine or valine. Arginine at position 4 is replaced by histidine 
or threonine and arginine at position 6 is replaced with lysine in 
some homologs of MtDef4. Whether these amino acid 
replacements still allow the corresponding defensin to be 
internalized by fungal cells remains to be determined. In order 
to fully elucidate the MtDef4 entry route into fungal cells, use of 
live-cell imaging techniques available in model filamentous 
fungi such as Neurospora crassa is needed [50]. 
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Although MtDef4 is internalized by fungal cells, the molecular 
mechanisms by which it penetrates the fungal cell wall and 
plasma membrane and exerts its antifungal activity are not 
Icnown. Like other cell penetrating peptides, MtDef4 is likely 
taken up by fungal cells either through direct translocation or 
through endocytosis [51]. It is possible that both mechanisms 
play a role in the internalization process of MtDef4 depending 
upon its concentration as well as the state of fungal cell growth 
and differentiation [52,53]. The antifungal defensin NaDI has 
been shown recently to be internalized via a novel mechanism 
that requires the presence of the fungal cell wall [19]. It has 
been proposed that NaDI binds to an as yet unidentified 
receptor located in the proteinaceous layer of the cell wall. 
Whether entry of MtDef4 into fungal cells also requires the 
presence of cell wall needs to be studied. Recently published 
reports on the mechanisms of the entry of oomycete RxLR 
effectors have revealed that these effectors bind to 
phospholipid phosphoinositol-3-phosphate (PI3P) known as an 
intracellular molecule. Recent studies have now established 
that a conserved positively charged patch present in the 
carboxy-terminal domain, and not the RxLR motif, mediates 
entry of the oomycete effectors into plant cells [39,54]. 

MtDef4 binds to the phospholipid PA with high affinity as 
demonstrated by the lipid strip overlay, liposome binding and 
SPR assays. Further, the mutations of RGFR to AAAA and of 
the C-terminal RR to AA almost completely knockout binding of 
these variants to PA and their ability to inhibit fungal growth in 
vitro. To our knowledge, this is the first example of an 
antifungal plant defensin binding to PA. PA is known to play 
important physiological roles in all eukaryotic cells. It serves as 
a precursor for the biosynthesis of membrane phospholipids 
and also acts as a pleiotropic bioactive lipid that functions in 
membrane dynamics and signaling [55]. Several proteins from 
plant, mammalian and fungal cells have been reported to 
interact with PA including protein kinases and phosphatases, 
transcription factors, cAMP-specific phosphodiesterases and 
others [56-58]. Although there is no clearly defined consensus 
amino acid sequence motif to which PA binds, short stretches 
of sequences containing basic residues and/or tryptophan have 
been implicated in binding [56,57]. Thus, it is not surprising that 
RGFRRR motif of MtDef4 interacts with PA. For future studies 
of this interaction, it will be useful to develop an NMR-based 
solution assay to map any additional PA binding domain(s) of 
MtDef4. Our data strongly suggest that the interaction with PA 
plays an important role in the antifungal action of l\/ltDef4. How 
this interaction contributes to the antifungal activity of MtDef4 at 
molecular level remains to be determined. We speculate that 
PA plays an important role in the internalization of MtDef4 by 
fungal cells and that once inside MtDeH interferes with key 
aspects of PA signaling and/or the biosynthesis of certain 
membrane phospholipids. It is very likely that all MtDef4 
homologs containing the RGFRRR motif and referred to as 
Class I defensins [59] likely bind to PA as part of their 
antifungal action. Recently reported Class I defensin NaD2 
which shares 81% sequence homology with MtDef4 and also 
contains the RGFRRR motif [59] is also predicted to bind PA. 
In the present study, we used a lipid strip 6001 which contains 
eight phosphoinositides and six biologically important lipids. 



We cannot rule out the possibility that l\/ltDef4 binds to other 
phosphoinositides or biologically important lipids not present on 
this strip (Echelon Biosciences, UT) used. The possibility that 
MtDef4 could bind to fungal sphingolipids other than 
glucosylceramide also remains to be tested. 

Antifungal plant defensins, although structurally similar, 
exhibit significant differences in their primary amino acid 
sequences including their y-core motifs. These defensins may 
therefore harbor different lipid specificity. In this study we have 
identified, for the first time, surface-localized y-core motif 
sequence which mediates entry of IVItDef4 into fungal cells. It 
also revealed the interaction of this motif with an important 
bioactive phospholipid as potentially a novel mechanism of the 
antifungal action of this defensin. Although nothing is known 
regarding what happens inside fungal cells after MtDef4 is 
internalized, it is possible that the surface-exposed sequence 
motif interacts with intracellular proteins and nucleic acids. 
Other plant defensins such as NaDI [18] and Psdl [17] must 
use different sequence motif(s) to gain entry into fungal cells 
and these motifs might interact with different phospholipids and 
be evolutionarily conserved depending upon the cell wall or 
membrane constitution of their target fungi. 

Materials and Methods 

Fungal cultures and growth medium 

The fungal strain, F. graminearum PH-1, was stored in 20% 
(v/v) glycerol at -80°C and was cultured on complete medium 
(CM) [60]. For production of conidia, the PH-1 strain from CM 
agar plates was inoculated into carboxymethyl cellulose 
medium [61] and cultured for 2-5 days with shaking at 28 °C. In 
vitro antifungal assays were performed using synthetic fungal 
medium (SFM) without calcium as described previously [37,62]. 

In vitro antifungal activity determination 

To monitor the early visible phenotypic effects of defensins 
on conidial germination and growth of fungal hyphae (at 14-16 
h after treatment with defensins), bright-field images were 
taken using the transmitted light channel in a Zeiss LSM 510 
META confocal microscope. The quantitative fungal growth 
inhibition by defensins and synthetic peptides was estimated by 
measuring the absorbance at 595 nm using Spectramax M2 
spectrophotometer (Molecular Devices, Sunnyvale, CA) [62]. 

Expression and purification of IVItDef4 and its variants 

Defensin and its variants were expressed in Piciiia pastoris 
as described previously (Spelbrink et al. 2004) and purified 
using AKTA FPLC (GE Healthcare Biosciences, Pittsburgh, 
PA). FPLC fractions were concentrated and either dialyzed or 
desalted and further purified by reverse-phase HPLC 
(Beckman Coulter, Brea, CA) using a CI 8 column (Deltapak 
Wat 011793, 150 X 3.9 mm, 5 pM, 300 A) to obtain >95% 

purity. |\/|tDef4'"5FRRR'AAAARR^ |^tQef4RGFRRWRGAARR gnd 

MtDef4'"^'''""'"'°'^''** variants were generated using 
QuickChange II XL site-directed mutagenesis kit using the 
manufacturer's protocol (Agilent technologies, Santa Clara, 
CA). Fluorescent peptides derived from defensins (Table 1) 
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were synthesized at Genemed Synthesis, Inc. (San Antonio, 
TX). Fluorescently labeled IVltDef4 and its variants were 
generated by conjugation with DyLight 550 dye (Pierce, 
Rockford, IL) using the manufacturer's instructions. All peptides 
were purified to >95% homogeneity by reverse phase HPLC 
and characterized by mass spectroscopy. Concentration of 
MtDef4 and its variants was determined by BCA assay kit 
(Pierce, Rockford, IL). Peptide concentration was determined 
by quantitative amino acid analysis performed at the 
Proteomics and IVlass Spectrophotometry Facility at the 
Danforth Center. All defensins and peptides used in this study 
were dissolved In sterile double-dlstllled water and stored at 
-20 °C until further use. 

Preparation of ^°N-labeled MtDef4 

MtDef4, expressed In P. pastoris, was labeled with ''^N 
essentially as described [63]. A 5 ml culture of P. pastoris was 
grown overnight at 30 °C and then increased to 100 ml volume 
the following morning. For this initial growth phase, Fl\/123 
medium was used (0.8% YNB without amino acids and 
ammonium sulfate, 2mg/l biotin, 1.2% (NH4)2S04, 0.3% 
K2HPO4, 0.28% KH2PO4, pH 5.5) to which 3% glucose was 
added. After 24 h from the initial inoculation, an additional 2% 
glucose was added to the medium. Six hours prior to methanol 
induction (30-36 h), 0.02% '=NH4CI was added. At 36 h, the 
cells were harvested by centrifugation, washed with a 0.2% 
glycerol solution, and resuspended in Fl\/123 media containing 
1.2% ^=NH4CI. To allow the cells to adapt to the addition of 
methanol, 0.2% unlabeled methanol was initially supplied and 
0.4% was added every 12 h to 1.4% from 73 to 96 h of growth 
and induction (see 63 for details). The culture was maintained 
at 30°C under rigorous agitation for the duration of the 
experiment and the pH was maintained by the addition of 
sterile KOH when necessary. 

NMR spectroscopy 

Both ^^N-labeled and natural abundance MtDef4 NMR 
samples (~1 mM protein, 20 mlVI Tris, pH 4.4) were prepared 
with 93% H20/7% D2O and 99.8% D2O, respectively. The NIVIR 
experiments were conducted at 20 °C on Varlan 750- and 600- 
Inova spectrometers equipped with 'H{"C,^^N}\|/' triple 
resonance probes and pulse field gradients. The NMR data 
were processed with Felix2007 (Felix NMR, Inc., San Diego, 
CA) and analyzed with Sparky (v3.115) [64]. Proton and amide 
nitrogen assignments were made analyzing the data from 
standard Varian Protein-pack two-dimensional ^H-^^N HSQC, 
'H-'H NOESY, and 'H-'H TOCSY experiments and three- 
dimensional ^^N-edited NOESY and TOCSY experiments. 
Chemical shifts were referenced to DSS (DSS = 0 ppm) using 
Indirect methods [65]. Distance restraints for the structure 
calculations were obtained from two separate NOESY 
experiments using a mixing time of 150 ms: (1) a three- 
dimensional, ■'^N-edlted NOESY-HSQC experiment collected 
on a i=N-labelled sample in 93% D20/7% D2O and (2) a two- 
dimensional, ^H-^H NOESY experiment collected on a natural 
abundance sample in 99.8% D2O. Conducting the latter 
NOESY experiment in 99.8% D2O made It possible to identify 
cross peaks that would otherwise be lost near the water 



resonance in a 93% H20/7% DjO sample. Slowly exchanging 
amides were identified by lyophilizing the ^^N-labeled NMR 
sample, re-dlssolving It In 99.8% D2O, and Immediately 
collecting an ^H-^^N HSQC spectrum (-10 min after the D2O 
addition exchange). To confirm that the sulfhydryl groups of the 
eight cysteine residues In the protein were all in the fully 
reduced state, a 32 hr, natural abundance, ^H-^^C HSQC 
spectrum was collected on the unlabeled sample In 99.8% 
D2O. 

Structure calculations 

The cysteine "C" and the majority of the backbone and side 
chain ^H and ^^N chemical shifts for MtDef4 were assigned and 
deposited In the Biological Magnetic Resonance Data Bank 
(BMRB) under Accession number 18345. Structure calculations 
were performed iteratively using CYANA (v 2.1) [66], the 
chemical shift assignments and the peak-picked data from the 
3D i=N-edited NOESY and 2D ^H-^H NOESY experiments as 
initial Inputs. Twenty-two dihedral angle restraints for Phi (O) 
(-90° ± -30° (a-helix) and -165° ± -115° (P-strand)) and Psi (ip) 
(-80° ± -20° (a-helix) and 100° ± 180° (P-strand) were 
Introduced Into the calculations on the basis of the elements of 
secondary structure identified in the early structural ensembles 
and TALOS calculations [67]. Near the end of the iterative 
process 34 hydrogen bond restraints (1.8-2.0Aand 2. 7-3. OA for 
the NH-0 and N-0 distances, respectively) were introduced in 
the structure calculations on the basis of proximity in early 
structure calculations and the observation of 17 slowly 
exchanging amides in the deuterium exchange experiment. At 
this same stage, 12 disulfide bond restraints (2.0-2.1A, 
3.O-3.IA, and 3.O-3.IA for the S^-S^ Sv-C^ and C^-S^ 
distances, respectively) were introduced into the structure 
calculations on the basis of the disulfide bond pattern observed 
in other defensin proteins (aside from C3-C47, there was some 
ambiguity assigning the disulfide bonded pairs on the basis of 
proximity in early structure calculations), in the final set of 100 
calculated structures, the 20 with the lowest target function 
were selected and refined with explicit water [68] with CNS 
(version 1.1) using force constants of 500, 500, and 1000 kcal 
for the NOE, hydrogen bonds, and dihedral restraints, 
respectively, and the PARAM19 force field. For the water 
refinement calculations, the upper boundary of the CYANA 
distance restraints was left unchanged and the lower boundary 
set to the Van der Waal limit. This water-refined ensemble of 
20 structures was deposited in the Research Collaboratory for 
Structural Blolnformatlcs (RCSB) under PDB code 2LR3. 
Structural quality was assessed using the Protein Structure 
Validation Suite (PSVS, v1.3) [69] and are included in the 
structure statistics summary provided In Table 2. 

Circular dichroism 

Circular dichroism (CD) spectra of MtDef4 and Its variants 
were recorded at 25 °C with a JASCO 815 spectropolarlmeter 
equipped with a rectangular quartz cell with a path length of 0.1 
cm. Spectra were recorded in the 250-185.5 nm wavelength at 
50-nm/s scanning speed with a response time of 0.5 s. Data 
were collected from seven separate scans and averaged. Base 



PLCS ONE I www.plosone.org 



17 



December 2013 | Volume 8 | Issue 12 | e82485 



Sequence Motif Governing Fungal Cell Entry 



Table 2. Summary of the structural statistics for MtDef4. 





Restraints for Structure Calculations 


Total NOES 


389 


ntraresidue NOEs 


120 


Sequential (i, i + 1) NOEs 


125 


Medium-range (i, i + j; 1 < j S4) NOEs 


57 


Long-range (i, i + j: j > 4) NOEs 


87 


Phi (0) angle restraints 


22 


Psi (T) angle restraints 


22 


Hydrogen bond restraints 


34 


Sulfur-sulfur restraints 


12 


Structure Calculations 


Number of structures calculated 


100 


Number of structures used in ensemble 


20 


Structures with Restraint Violations 


Distance Restraint Violations > 0.05A 


0 


Dihedral Restraint Violation > 1° 


0 


RMSD to Mean (A) 


Backbone N-C^-C=0 Atoms (Ordered residues)^ 


0.62 ±0.13 A 


Backbone N-C°-C=0 Atoms (All residues) 


0.96 ±0.20 A 


Heavy Atoms (Ordered residues) 


1.22±0.15A 


Heavy Atoms (All residues) 


2.00 ±0.24 A 


Ramachandran Plots Summary of the Ordered Residues 




using Prochecl( 




Vlost favored regions 


90.0% 


Additionally allowed regions 


9.8% 


Generously favored regions 


0.2% 


Disallowed 


0.0% 


Global Quality Scores 


Z-score (Raw 


Procheck (all) 


-1.66 (-0.28) 


Procheck (O.H^) 


-0.31 (-0.16) 


VIolProbity clash score 


-0.83(13.75) 



^ All statistics are for the 20-structure ensemble deposited in the Protein Data 
Bank (2LR3) using the ordered residues (T2-G12, A15-E27, G32-C34, C41-H46). 
doi: 10.1371/journal.pone.0082485.t002 



lines were conveniently subtracted. Mean residue ellipticity is 
expressed in units of degree x cm^ x dmol \ 

SYTOX Green uptake assay 

SYTOX Green (SG) assays were conducted as described 
[22] (Sagaram et al., 2011). Briefly, F. graminearum conidia 
(50|jL of 5x10'' /mL) were allowed to germinate overnight at 
room temperature in 2X SFM in a black polystyrene 96-well 
plate (Corning Inc., Corning, NY). After 15-16 hours, mixtures 
of MtDef4 or its variants (at concentrations of 6, 3, 1.5, 0.75 
and 0.375 |jM) plus SYTOX Green (Invitrogen, Carlsbad, CA) 
at a final concentration of 0.5 pM were added to the hyphae in 
50 pL volumes and assay plates were incubated in dark. The 
fluorescence was monitored (488 excitation; 540 emission (530 
cut-off)) at regular intervals using Spectramax M2 
spectrophotometer. Black polystyrene plates were used to 
prevent cross transfer of fluorescence. Fluorescence emitted 
by hyphae with just SG (without defensins) was regarded as 
background and hence these fluorescence units were 



subtracted from defensins containing samples before data 
analysis. 

Immunogold labeling of MtDef4 

F. graminearum conidia (5xl0''/mL) were germinated in 200 
pL 2 x SFM in 1.5 mL Eppendorf tubes with gentle rotation for 
16-18 hr and then treated with defensins for 4 hr. The 
germlings were then fixed for immunogold labeling by high 
pressure freezing by first rinsing them (after pelleting) twice 
with 200 pL sterile distilled water. The water from the tubes 
was removed, 20 pL of 0.1% low melting agarose was added. 
Cells were transferred to a specimen carrier, frozen using a 
BAL-TEC HPM 010 high pressure freezer and stored in liquid 
nitrogen until further processing. The cells were then freeze 
substituted in acetone containing 0.1% uranyl acetate for 5 
days at -80°C, warmed to -50°C then rinsed in acetone 
infiltrated (over three days) and embedded in Lowicryl HM20 
resin polymerized by UV. Thin sections were mounted on 
coated Ni grids. For immunogold labeling, samples were 
blocked for 30 min in TEST buffer (Tris buffered saline with 
0.05% Tween 20, pH 8.0, plus 20% fetal bovine serum 
albumin), incubated for 2 hr in rabbit anti-MtDef4 antibody 
diluted to 20 pg/mL IgG, rinsed in three changes of TEST 
buffer thirty min, incubated in goat anti-rabbit-gold (15 nm) (Ted 
Pella, cat. No. 15727, diluted 1;50 in buffer) for two hours, 
rinsed 30 min in buffer and then rinsed in water. Selected 
sections were post-stained for 10 min in uranyl acetate and 3 
min in Sato's lead. 

For electron microscopy, MtDef4-treated cells were mounted 
in 1% low melting point agarose and placed in specimen 
planchettes for high pressure freezing in a BAL-TEC Model 
HPM 010 high pressure freezer. Samples were then freeze 
substituted in 0.1% uranyl acetate in acetone at -85°C for five 
days. After gradual warming to -50°C they were rinsed in 
acetone and infiltrated with Lowicryl HM20 resin and 
polymerized at -50°C with UV light. Some sections were post- 
stained with uranyl acetate and lead salts. Digital images were 
acquired using a LEO 912 AB energy filter TEM operated at 
120 kV. In some cases large fields of view were acquired by 
montaging. 

Confocal microscopy 

Laser-scanning confocal microscopy was used to detect 
internalization of fluorescently labeled MtDef4, its variants and 
peptides derived from MtDef4. For tetramethyl rhodamine 
(TMR) labeled peptides, F. graminearum conidia (150 pL of 
2.5x10'' /mL) were germinated in a 10 mm microwell of 35 mm 
glass bottom microwell dishes (MatTek Corporation, Ashland 
MA). Wet filter papers were placed in the petri dishes to 
prevent drying of the conidial suspension. The bottom of the 10 
mm microwell has a No. 1.5 cover glass and hence facilitates 
direct observation of the sample without mechanical disruption 
due to sample transfer. After overnight germination, the 
medium (in which conidia were germinated) was gently 
removed and fresh SFM mixed with the desired concentration 
of TMR-labeled peptides was added and confocal images were 
acquired at regular intervals. For DyLight 550 conjugated full- 
length MtDef4 and its variants, 2.5x1 0''/mL conidia were mixed 
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with required concentration of defensin in 150 pL volume and 
added to 35 mm glass bottom microwell dishes and 
immediately mounted on the microscope for imaging. A Zeiss 
LSM 510 META confocal microscope was used for all confocal 
imaging with an Argon-ion or Helium-ion laser as the excitation 
source. DyLight 550 and TMR labeled peptides were excited 
using the 543 nm line of a HeNe laser, and detected using a 
565-61 5-nm bandpass filter. Confocal images were analyzed 
using Bitplane Imaris software. Data were imported into Adobe 
Photoshop 4.0 for preparation of figures. 

Protein-lipid interactions using lipid blot assays 

P-6001 PIP Strips (2x6 cm nitrocellulose membranes) 
spotted with 100 pmol of all eight phosphoinositides and seven 
other biologically important lipids were purchased from Echelon 
Biosciences (Salt Lake City, UT). In some experiments, lipids 
purchased from Avanti Polar Lipids (Alabaster, AL) were 
spotted onto Hybond C nitrocellulose membrane. Interaction of 
MsDefl or MtDef4 with lipids present on the P-6001 strips was 
tested using the manufacturer's protocol with few modifications. 
Briefly, the membrane was blocked with 5 mL of blocking 
buffer, PBS-T (8 g/L NaCI + 0.2 g/L of KCI + 1.44 g/L of 
Na2HP04 + 0.24 g/L of KH2PO4 + 2 mL/L of Tween-20, pH 7.5) 
plus 2% fat free BSA (Sigma, St. Louis, MO) and gently 
agitated for one h at room temperature (RT). The blocking 
buffer was discarded and 10 pg (final protein concentration: 2 
pg/mL) of MsDefl or MtDef4 was added in 5 mL of blocking 
buffer and hybridized for 1 h at RT with gentle agitation. After 
hybridization, the protein solution was discarded and the 
membrane washed three times with 5 mL PBS-T with gentle 
agitation. Five ml of PBS-T containing rabbit anti-MsDefl or 
anti-MtDef4 polyclonal antibodies (500 times dilution) 
conjugated with horseradish peroxidase were then added and 
the membrane incubated at RT for 1 h. After three washes with 
5ml PBS-T, the membrane was developed using the 
SuperSignal West Pico Chemiluminescent Substrate Kit 
(Thermo Scientific) following the manufacturer's protocol. 

Liposome binding assay 

Phosphatidylcholine (PC) (, L-a-phosphatidic acid (PA) and 
phosphatidylethanolamine (PE) were purchased from Avanti 
Polar Lipids (Alabaster, AL) and phosphatidylinositol 3,5 
bisphosphate was purchased from Cayman Chemical (Ann 
Arbor, Ml). Liposome binding assay was performed as 
described with minor modifications [70]. Briefly, lipids were 
mixed in varying molar ratios in chloroform with the final 
concentration of lipids per sample being 2.5 pmol. The lipids 
were dried under nitrogen and rehydrated for 1 h in HBS buffer 
(100 mM NaCI, 20 mM HEPES, pH 7.5 and 0.02% sodium 
azide). Following sonication, liposomes were centrifuged at 
20,000 x g for 20 min. The liposome pellet was resuspended in 
1 mL of binding buffer (25 mM HEPES pH 7.5, 50 mM KCI, 1 
mM CaCl2 and ImM MgCl2) and 2 pg of purified MtDef4 was 
added and incubated for 1 h at room temperature. Liposomes 
were collected by centrifugation at 16,000 x g for 20 min and 
washed three times in the binding buffer. Pellet was 
resuspended in SDS-PAGE sample buffer and loaded on a 
SDS-PAGE gel. Following electrophoresis, samples were 



transferred on a nitrocellulose membrane and immunoblotted 
using anti-MtDef4 polyclonal antibody conjugated with 
horseradish peroxidase obtained from the Animal Facility of 
Washington University (SL Louis, MO). Signal was detected 
using TMB Liquid Substrate System for Membranes (Sigma, St 
Louis, MO) following the manufacturer's protocol. 

Surface plasmon resonance analysis 

All SPR measurements were carried out on a BIAcore X 100 
instrument (GE Healthcare) at room temperature in PBS (pH 
7.4). All solutions were freshly prepared and filter sterilized 
(0.22 pm) before use in the SPR. Liposomes composed of PC 
(100%) or PC/PA (3:2) were prepared as described above with 
some modifications. Briefly, 5 pmoles of lipids were dried under 
nitrogen and rehydrated for 1 h in PBS buffer. Rehydrated 
lipids were then sonicated in a bath sonicator for 30 min and 
directly used in the SPR experiment. The surface of an LI 
sensor chip (GE Healthcare) was preconditioned by injecting 
100 pi of 20 mM CHAPS at flow rate 10 pl/min. The first flow 
cell of the sensor chip was used as a control surface, whereas 
the second flow cell was employed as the active surface. The 
coating of the lipid layers gave a response in the range of 
6000-6500. After liposome immobilization, 30 pi of 10 mM 
NaOH at a flow rate of 30 pl/min was used to wash away any 
unbound liposome. Hundred pi of fatty acid-free BSA at 
O.lmg/ml was then injected at a flow rate of 20 pl/min to block 
nonspecific binding sites at the sensor chip surface. Peptide 
solutions of MtDef4 at different concentrations (0-20 pM) were 
then injected over the lipid surface at a flow rate of 20 pl/min. 
Association and dissociation times for each injection were 180 
and 300 s, respectively. Resonance signals were corrected for 
nonspecific binding by subtracting the background of the 
control flow cell. After each analysis, the sensor chip surfaces 
were regenerated by injecting 40 pi of 2 M KCI at a flow rate of 
2 pl/min and equilibrated with the buffer before the next 
injection. Kinetic parameters were estimated using 
BIAevaluation software (version 3.0). Curves fitting was done 
with the 1:1 Langmuir binding model. 

Supporting Information 

Figure 81. Amino acid sequence alignment of MtDef4 
homologs from different plants. MtDef4 homologs were 
aligned using CLUSTAL W. The highly conserved RGFRRR 
sequence in each homolog is indicated in bold black font * = 
Two cassava defensins with RxLR motif which is found in a 
number of oomycete effectors. 
(TIF) 

Figure 82. Circular dichroism spectroscopy of MtDef4 and 
its variants. All MtDef4 variants display similar CD spectra 
indicating that the mutations in the RGFRRR motif did not alter 
the protein fold and secondary structure. 
(TIF) 

Figure S3. MtDef4''°'''"""****'"' and MtDef4'"^'='""^''°'''^ are 
severely affected in their ability to inhibit F. graminearum 
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hyphal growth whereas MtDef4''°'''"""''°**'"' has antifungal 
activity comparable to that of MtDef4. Images show the 
inhibition of F. graminearum hyphal growth by MtDef4 or its 
variants at 36 h after incubation of conidia with defensins. 
Scale bar = 50 |jm. 
(TIF) 

Figure 84. DyLight 550 conjugated IVItDef4 (DyL-IVItDef4) is 

iess potent than untagged MtDef4. Images showing the 
inhibition of F. graminearum conidial germination and hyphal 
growth at different concentrations of MtDef4 or DyL-MtDef4. 
Images were taken after 16 hours of incubation of conidia with 
defensins. Scale bar = 50 jjm. 
(TIF) 

Figure 85. DyL-i«ltDef4 and DyL-iMtDef4'"5'='""«'"5*A'"' bound 
efficiently to F. graminearum hyphae by 4 h, whereas DyL- 
l\/ltDef4''°'''""^''°'''^ oniy bound to the conidiai cells but not 

to iiypiiae. DyL-MtDef4'"3FRRR/AAAARR jj^j pot bind to either 
conidial cells or hyphae. Conidia were incubated with indicated 
concentrations of DyLight 550-labeled proteins and confocal 
fluorescence images were taken at 4 h. 
(TIF) 

Figure 86. TMR-GMA4-CM, a variant 16-mer peptide that 
has RGFR to AAAA replacement has significantly lower 
antifungal activity. Images show the inhibition of F. 
graminearum conidial germination and hyphal growth at 
different concentrations of TMR-GMA4-C and TMR-GMA4-CM. 
Images were tal<en after 16 h of incubation of PH-1 conidia with 
peptides. Scale bar = 50 pm. 
(TIF) 

Figure 87. MtDef4 binding to liposomes containing PC/PE 
only or PC/PE plus PA. Purified i\/1tDef4 (2 pg) was incubated 
with different liposomes for 1 hr at room temperature. The 
vesicles were pelleted by centrifugation. The protein was 
visualized by immunoblotting with anti-MtDef4 antibody. 

References 

1. Broekaert WF, Cammue BPA, De Bolle MFC, Thevissen K, De 
Samblanx GW et al. (1997) Antimicrobial peptides from plants. Critical 
Reviews in Plant Sciences 16: 297-323. doi:10. 1080/713608148. 

2. Ttiomma BPHJ, Cammue BPA, Ttievissen K (2002) Plant defensins. 
Planta 216: 193-202. doi:10.1007/s00425-002-0902-6. PubMed: 
12447532. 

3. Lay FT, Anderson MA (2005) Defenslns-components of ttie innate 
Immune system In plants. Curr Protein Pept Sci 6: 85-101. do!: 
10.2174/1389203053027575. PubMed: 15638771. 

4. Carvalho Ade O, Gomes VM (2009) Plant defensins-prospects for ttie 
biological functions and biotechnological properties. Peptides 30: 
1007-1020. dol:10.1016/j.peptides.2009.01.018. PubMed: 19428780. 

5. Stotz HU, Thomson JG, Wang Y (2009) Plant defensins: defense, 
development and application. Plant Signal Betiav 4: 1010-1012. doi: 
10.4161/psb.4.11.9755. PubMed: 20009545. 

6. Broekaert WF, Terras FR, Cammue BP, Osborn RW (1995) Plant 
defensins: novel antimicrobial peptides as components of ttie host 
defense system. Plant Physiol 108: 1353-1358. doi:10.1104/pp. 
108.4.1353. PubMed: 7659744. 

7. Terras FR, Schoofs HM, De Bolle MF, Van Leuven F, Rees SB et al. 
(1 992) Analysis of two novel classes of plant antifungal proteins from 



(TIF) 

Movie 81. DyL-IVItDef4 (6 \}M) is internalized by F. 

graminearum cells. Time point: 6 h of incubation. 

(MOV) 

Movie 82. DyL-MtDef4''°f'""^''°**'"' (6 |jM) is internalized by 
F. graminearum cells. Time point: 6 h of incubation. 
(MOV) 

Movie 83. TMR-GMA4-C, the TMR labeled 16-mer peptide 
corresponding to the C-terminus of MtDef4, enters F. 
graminearum cells. Time point: 4 h of incubation. 
(MOV) 

Acknowledgements 

We thank Dr. Sophie Alvarez, Manager of the Proteomics and 
Mass Spectrometry Facility at the Danforth Center, for her help 
with mass spec analysis of defensins and chemically 
synthesized peptides. We are grateful to Hal Yue in Dr. Robert 
Blankenship's Lab at Washington University for his help with 
the CD spectroscopic analysis of defensin variants and to Dr. 
Sangchul Kim in Dr. Xuemin Wang's lab at the Danforth Center 
for his help with the liposome binding assay. Part of this 
research was conducted at the W.R. Wiley Environmental 
Molecular Sciences Laboratory, a national scientific user facility 
sponsored by U.S. Department of Energy's Office of Biological 
and Environmental Research (BER) program located at Pacific 
Northwest National Laboratory (PNNL). Battelle operates 
PNNL for the U.S. Department of Energy. 

Author Contributions 

Conceived and designed the experiments: USS KE GWB TJS 
HRB JK DMS. Performed the experiments: USS KE RSP GWB 
HRB. Analyzed the data: USS KE GWB HRB JK TJS DMS. 
Contributed reagents/materials/analysis tools: GWB HRB TJS 
DMS. Wrote the manuscript: USS KE GWB JK TJS DMS. 



radish (Raphanus sativus L.) seeds. J Biol Chem 267: 15301-15309. 
PubMed: 1639777. 

8. Kaur J, Sagaram US, Shah DM (201 1 ) Can plant defensins be sused to 
engineer durable commercially useful resistance In crop plants? Fungal 
Biology Reviews 25: 128-135. dol:10.1016/j.fbr.2011.07.004. 

9. Aerts AM, Frangols IE, Cammue BP, Thevissen K (2008) The mode of 
antifungal action of plant. Insect and human defensins. Cell Mol Life Sci 
65: 2069-2079. dol:10.1007/s00018-008-8035-0. PubMed: 18360739. 

10. Sagaram U, Kaur J, Shah D (2012) Antifungal plant defensins: 
structure-activity relationships and modes of action and biotech 
applications. In: K Rajasekaran . American Chemical Society, pp. 
317-336. 

11. Thevissen K, Cammue BP, Lemaire K, WInderickx J, Dickson RC et al. 
(2000) A gene encoding a sphingolipid biosynthesis enzyme 
determines the sensitivity of Saccharomyces cerevlsiae to an antifungal 
plant defensin from dahlia {Dahlia mercldi). Proc Natl Acad Sci U S A 
97: 9531-9536. doi:10.1073/pnas.160077797. PubMed: 10931938. 

12. Thevissen K, Ferket KK, Frangois IE, Cammue BP (2003) Interactions 
of antifungal plant defensins with fungal membrane components. 
Peptides 24: 1705-1712. doi:10.1016/j.peptides.2003.09.014. PubMed: 
15019201. 



PLCS ONE I www.plosone.org 



20 



December 2013 | Volume 8 | Issue 12 | e82485 



Sequence Motif Governing Fungai Celi Entry 



13. Thevissen K, Francois IE, Aerts AM, Cammue BP (2005) Fungal 
sphingolipids as targets for the development of selective antifungal 
therapeutics. Curr Drug Targets 6: 923-928. doi: 
10.2174/138945005774912771. PubMed: 16375675. 

14. Thevissen K, de Mello Tavares P, Xu D, Blankenship J, Vandenbosch 
D et al. (2012) The plant defensin RsAFP2 induces cell wall stress, 
septin mislocalization and accumulation of ceramides in Candida 
albicans. Mol Microbiol 84: 166-180. doi:10.1111/j. 
1365-2958.2012.08017.X. PubMed: 22384976. 

15. Thevissen K, Osborn RW, Acland DP, Broekaert WF (2000) Specific 
binding sites for an antifungal plant defensin from dahlia {Dahlia 
merckil) on fungal cells are required for antifungal activity. Mol Plant 
Microbe Interact 13: 54-61. doi:10.1094/MPMI.2000.13.1.54. PubMed: 
10656585. 

16. Ramamoorthy V, Cahoon EB, Li J, Thokala M, Minto RE et al. (2008) 
Glucosylceramide synthase is essential for alfalfa defensin-mediated 
growth inhibition but not for pathogenicity of Fusarlum gramlnearum. 
Molecular Microbiology 66: 771-786. 

17. Lobo DS, Pereira IB, Fragel-Madeira L, Medeiros LN, Cabral LM et al. 
(2007) Antifungal Pisum sativum defensin 1 interacts with Neurospora 
crassa cyclin F related to the cell cycle. Biochemistry 46: 987-996. doi: 
10.1021/bi061441j. PubMed: 17240982. 

18. van der Weerden NL, Lay FT, Anderson MA (2008) The plant defensin, 
NaDI, enters the cytoplasm of Fusarlum oxysporum hyphae. J Biol 
Chem 283: 14445-14452. doi:10.1074/jbc.M709867200. PubMed: 
18339623. 

19. van der Weerden NL, Hancock RE, Anderson MA (2010) 
Permeabilization of fungal hyphae by the plant defensin NaDI occurs 
through a cell wall-dependent process. J Biol Chem 285: 37513-37520. 
doi:10.1074/jbc.M110.134882. PubMed: 20861017. 

20. Yount NY, Yeaman MR (2004) Multidimensional signatures in 
antimicrobial peptides. Proc Natl Acad Sci U S A 101: 7363-7368. doi: 
10.1073/pnas.0401567101. PubMed: 15118082. 

21. De Samblanx GW, Goderls IJ, Thevissen K, Raemaekers R, Fant F et 
al. (1997) Mutational analysis of a plant defensin from radish 
(Raphanus sativus L.) reveals two adjacent sites important for 
antifungal activity. J Biol Chem 272: 1171-1179. doi:10.1074/jbc. 
272.2.1171. PubMed: 8995418. 

22. Sagaram US, Pandurangi R, Kaur J, Smith TJ, Shah DM (2011) 
Structure-Activity determinants in antifungal plant defensins MsDefl 
and MtDef4 with different modes of action against Fusarlum 
gramlnearum. PLOS ONE 6: e18550. doi:10.1371/journal.pone. 
0018550. PubMed: 21533249. 

23. Kaur J, Thokala M, Robert-Seilaniantz A, Zhao P, Peyret H et al. (2012) 
Subcellular targeting of an evolutlonarily conserved plant defensin 
MtDef4.2 determines the outcome of plant-pathogen interaction in 
transgenic Arabidopsis. Mol Plant Pathol 13: 1032-1046. doi:10.1111/j. 
1364-3703.2012.00813.X. PubMed: 22776629. 

24. Ramamoorthy V, Zhao X, Snyder AK, Xu J-R, Shah DM (2007) Two 
mitogen-activated protein kinase signalling cascades mediate basal 
resistance to antifungal plant defensins in Fusarlum gramlnearum. Cell 
Microbiol 9: 1491-1506. doi:10.1111/J.1462-5822.2006.00887.x. 
PubMed: 17253976. 

25. Almeida MS, Cabral KM, Kurtenbach E, Almeida FC, Valente AP 
(2002) Solution structure of Pisum sativum defensin 1 by high 
resolution NMR: plant defensins, identical backbone with different 
mechanisms of action. J Mol Biol 315: 749-757. dol:10.1006/jmbi. 
2001.5252. PubMed: 11812144. 

26. Almeida MS, Cabral KMS, Zingali RB, Kurtenbach E (2000) 
Characterization of two novel defensin peptides from pea (Pisum 
sativum) seeds. Arch Biochem Biophys 378: 278-286. doi:10.1006/ 
abbi.2000.1824. PubMed: 10860545. 

27. Armougom F, Moretti S, Poirot O, Audio S, Dumas P et al. (2006) 
Expresso: automatic incorporation of structural information in multiple 
sequence alignments using 3D-Coffee. Nucleic Acids Res 34: W604- 
W608. doi:10.1093/nar/gkl092. PubMed: 16845081. 

28. Honig B, Nicholls A (1995) Classical electrostatics in biology and 
chemistry. Science 268: 1144-1149. doi:10.1126/science.7761829. 
PubMed: 7761829. 

29. Nicholls A, Honig B (1991) A rapid finite difference algorithm, utilizing 
successive over relaxation to solve the Poisson Boltzmann equation. J 
Comput Chem 12: 435-445. doi:10.1002/jcc.540120405. 

30. Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM et 
al. (2004) UCSF Chimera - A Visualization System for Exploratory 
Research and Analysis. J Comput Chem 25: 1605-1612. doi:10.1002/ 
jcc.20084. PubMed: 15264254. 

31. Lee B, Richards FM (1971) The interpretation of protein structures: 
estimation of static accesibility. J Mol Biol 55: 379-400. doi: 
10.101 6/0022-2836(71)90324-X. PubMed: 5551392. 



32. Saff EB, KuiJIaars ABJ (1997) Distributing many points on a sphere. 
Mathematical Intelligencer 19: 5-11. doi:10.1007/BF03024423. 

33. Bailey S (1994) The CCP4 suite: programs for protein crystallography. 
Acta Crystallogr D 50: 760-763. doi:10.1 107/S09074449940031 12. 
PubMed: 15299374. 

34. Ellis JG, Dodds PN (2011) Showdown at the RXLR motif: Serious 
differences of opinion in how effector proteins from filamentous 
eukaryotic pathogens enter plant cells. Proc Natl Acad Sci U S A 108: 
14381-14382. doi:10.1073/pnas.1 1 1 1668108. PubMed: 21856948. 

35. Tyler BM (2009) Entering and breaking: virulence effector proteins of 
oomycete plant pathogens. Cell Microbiol 11: 13-20. doi:10.1111/|. 
1462-5822.2008.01 240.x. PubMed: 18783481. 

36. Whisson SC, Boevink PC, Moleleki L, Avrova AO, Morales JG et al. 
(2007) A translocation signal for delivery of oomycete effector proteins 
into host plant cells. Nature 450: 115-118. doi:10.1038/nature06203. 
PubMed: 17914356. 

37. Spelbrink RG, Dilmac N, Allen A, Smith TJ, Shah DM et al. (2004) 
Differential antifungal and calcium channel-blocking activity among 
structurally related plant defensins. Plant Physiol 135: 2055-2067. doi: 
10.1104/pp.104.040873. PubMed: 15299136. 

38. Kale SD, Gu B, Capelluto DG, Dou D, Feldman E et al. (2010) External 
lipid PI3P mediates entry of eukaryotic pathogen effectors into plant 
and animal host cells. Cell 142: 284-295. doi:10.1016/j.cell. 
2010.06.008. PubMed: 20655469. 

39. Yaeno T, Li H, Chaparro-Garcia A, Schornack S, Koshiba S et al. 
(2011) Phosphatidyllnositol monophosphate-binding interface in the 
oomycete RXLR effector AVR3a is required for its stability In host cells 
to modulate plant immunity. Proc Natl Acad Sci U S A 108: 
14682-14687. doi:10.1073/pnas.1 106002108. PubMed: 21821794. 

40. Bloch C Jr., Patel SU, Baud F, Zvelebil MJ, Carr MD et al. (1998) 1H 
NMR structure of an antifungal y-thionin protein Slal: similarity to 
scorpion toxins. Proteins 32: 334-349. doi:10.1002/ 
(SICI)1 097-01 34(1 998081 5)32:3. PubMed: 9715910. 

41. Fant F, Vranken W, Broekaert W, Borremans F (1998) Determination of 
the three-dimensional solution structure of Raphanus sativus antifungal 
protein 1 by 1 H NMR. J Mol Biol 279: 257-270. doi:10.1006/jmbi. 
1998.1767. PubMed: 9636715. 

42. Fant F, Vranken WF, Bon-emans FA (1999) The three-dimensional 
solution structure of Aesculus hippocastanum antimicrobial protein 1 
determined by 1 H nuclear magnetic resonance. Proteins 37: 388-403. 
doi:10.1002/(SICI)1097-0134(19991115)37:3. PubMed: 10591099. 

43. Janssen BJ, Schirra HJ, Lay FT, Anderson MA, Craik DJ (2003) 
Structure of Petunia hybrida defensin 1 , a novel plant defensin with five 
disulfide bonds. Biochemistry 42: 8214-8222. doi: 10.1 021 /bi034379o. 
PubMed: 12846570. 

44. Lay FT, Schirra HJ, Scanlon MJ, Anderson MA, Craik DJ (2003) The 
three-dimensional solution structure of NaDI, a new floral defensin 
from Nicotlana alata and its application to a homology model of the 
crop defense protein alfAFP. J Mol Biol 325: 175-188. doi:10.1016/ 
S0022-2836(02)01 103-8. PubMed: 12473460. 

45. Lay FT, Mills GD, Poon IK, Cowleson NP, Kirby N et al. (2012) 
Dimerizatlon of plant defensin NaD1 enhances its antifungal activity. J 
Biol Chem 287: 19961-19972. doi:10.1074/jbc.M111.331009. PubMed: 
22511788. 

46. Drin G, Demene H, Temsamani J, Brasseur R (2001) Translocation of 
the pAntp peptide and its amphipathic analogue AP-2AL. Biochemistry 
40: 1824-1834. doi:10.1021/bi002019k. PubMed: 11327845. 

47. Frankel AD, Pabo CO (1988) Cellular uptake of the tat protein from 
human immunodeficiency virus. Cell 55: 1189-1193. doi: 
10.1016/0092-8674(88)90263-2. PubMed: 2849510. 

48. Green M, Loewenstein PM (1988) Autonomous functional domains of 
chemically synthesized human immunodeficiency virus tat trans- 
activator protein. Cell 55: 1179-1188. doi: 
10.1016/0092-8674(88)90262-0. PubMed: 2849509. 

49. Kale SD, Tyler BM (2011) Entry of oomycete and fungal effectors into 
plant and animal host cells. Cell Microbiol 13: 1839-1848. dol:10.1111/j. 
1462-5822.201 1.01 659.x. PubMed: 21819515. 

50. Mufioz A, Marcos JF, Read ND (2012) Concentration-dependent 
mechanisms of cell penetration and killing by the de novo-designed 
antifungal hexapeptide PAF26. Molecular Microbiology 85: 89-106. doi: 
1 0. 1 1 1 1 /j. 1 365-2958.201 2.08091 .x. 

51. Richard JP, Melikov K, Vivos E, Ramos C, Verbeure B et al. (2003) 
Cell-penetrating peptides. A reevaluation of the mechanism of cellular 
uptake. J Biol Chem 278: 585-590. PubMed: 12411431. 

52. Alves ID, Jiao CY, Aubry S, Aussedat B, Burlina F et al. (2010) Cell 
biology meets biophysics to unveil the different mechanisms of 
penetratin internalization in cells. Biochim Biophys Acta 1798: 
2231-2239. doi:10.1016/J.bbamem.2010.02.009. PubMed: 20152795. 



PLOS ONE I www.plosone.org 



21 



December 2013 | Volume 8 | Issue 12 | e82485 



Sequence Motif Governing Fungai Celi Entry 



53. Schmidt N, Mishra A, Lai GH, Wong GC (2010) Arginine-rich cell- 
penetrating peptides. FEES Lett 584: 1806-1813. dol:10.1016/j.febslet. 
2009.11.046. PubMed: 19925791. 

54. Sun F, Kale SD, Azurmendi HF, Li D, Tyler BM et al. (2013) Structural 
basis for interactions of ttie Piiytoplnthora sojae RxLR effector Avh5 
with phosphatidylinositol 3-phosphate and for host cell entry. Mol Plant 
Microbe Interact 26: 330-344. PubMed: 23075041 . 

55. Athenstaedt K, Daum G (1999) Phosphatidic acid, a key intermediate In 
lipid metabolism. Eur J Biochem 266: 1-16. dol:10.1046/j. 
1432-1 327. 1999.00822.x. PubMed: 10542045. 

56. Lemmon MA (2008) Membrane recognition by phospholipid-blnding 
domains. Nat Rev Mol Cell Biol 9: 99-111. doi:10.1038/nrm2328. 
PubMed: 18216767. 

57. Testerinl< C, Munnil< T (2005) Phosphatidic acid: a multifunctional 
stress signaling lipid in plants. Trends Plant Sci 10: 368-375. doi: 
10.1016/j.tplants.2005.06.002. PubMed: 16023886. 

58. Wang X (2005) Regulatory functions of phospholipase D and 
phoshatidic acid in plant, growth, development and stress response. 
Plant Physiol 139: 566-573. doi:10.1104/pp.105.068809. PubMed: 
16219918. 

59. Dracatos PM, van der Weerden NL, Can-oil KT, Johnson ED, Plummer 
KM et al. (2013) Inhibition of cereal rust fungi by both class I and 11 

defensins derived from the flowers of Nicotiana alata. Mol Plant Pathol. 
doi:10.1111/mpp.12066. 

60. Correll JC, Klittich CJR, Leslie JF (1987) Nitrate nonutilizing mutants of 
Fusarium graminearum and their use in vegetative compatibility tests. 
Phytopathology 77: 1640-1646. doi:10.1094/Phyto-77-1640. 

61. Cappelini RA, Peterson JL (1965) Macroconidium formation in 
submerged cultures by a non-sporulating strain of Gibberella zeae. 
Mycologia 57: 962-966. doi:10.2307/3756895. 



62. Broel<aert WF, Terras FR, Cammue BP, Vanderleyden J (1990) An 
automated quantitative assay for fungal growth inhibition. FEMS 
Microbiology Letters 69: 55-60. doi:10.1 1 1 1/j. 
1574-6968.1990.tb04174.x. 

63. Rodriguez E, Krishna NR (2001) An economical method for (15)N/ 
(13)C isotopic labeling of proteins expressed in Pichia pastoris. J 
Biochem 130: 19-22. doi:10.1093/oxfordjournais.jbchem.a002957. 
PubMed: 1 1432775. 

64. Goddard TD, Knelier DG (2008) SPARKY 3. San Francisco: University 
of California. 

65. Wishart DS, BIgam CG, Yao J, Ablldgaard F, Dyson HJ et al. (1995) 

1H, 130 and 15N Chemical shift referencing in biomolecular NMR. J 
Biomol NMR 6: 135-140. PubMed: 8589602. 

66. Guntert P (2004.) Automated NMR structure calculation with CYANA. 
Methods Mol Biol 278: 353-378. PubMed: 15318003. 

67. Cornilescu G, Delaglio F, Bax A (1999) Protein backbone angle 
restraints from searching a database for chemical shift and sequence 
homology. J Biomol NMR 13: 289-301. doi:10.1023/A:1008392405740. 
PubMed: 10212987. 

68. Linge JP, Nilges M (1999) Influence of non-bonded parameters on the 
quality of NMR structures: A new force field for NMR structure 
calculation. J Biomol NMR 13: 51-59. doi:10.1023/A:1008365802830. 
PubMed: 10905826. 

69. Bhattacharya A, Tejero R, Montelione GT (2007) Evaluating protein 
structures determined by structural genomics consortia. Proteins 66: 
778-795. PubMed: 17186527. 

70. Guo L, Mishra G, Taylor K, Wang X (2011) Phosphatidic acid binds and 
stimulates Arabidopsis sphingosine kinases. J Biol Chem 286: 
13336-13345. doi:10.1074/jbc.M1 10.190892. PubMed: 21330371. 



PLOS ONE I www.plosone.org 



22 



December 2013 | Volume 8 | Issue 12 | e82485 



